We propose a nanobiosensor to evaluate a lung cancer-specific biomarker. The nanobiosensor is based on an anodic aluminum oxide (AAO) chip and functions on the principles of localized surface plasmon resonance (LSPR) and interferometry. The poredepth of the fabricated nanoporous AAO chip was 1 m and was obtained using a two-step electrochemical anodization process. The sensor chip is sensitive to the refractive index (RI) changes of the surrounding medium and also provides simple and labelfree detection when specific antibodies are immobilized on the gold-deposited surface of the AAO chip. In order to confirm the effectiveness of the sensor, the antibodies were immobilized on the surface of the AAO chip, and the lung cancer-specific biomarker was applied atop of the immobilized-antibody layer using the self-assembled monolayer method. The nanoporous AAO chip was used as a sensor system to detect serum amyloid A1, which is a lung cancer-specific biomarker. The specific reaction of the antigenantibody contributes to the change in the RI. This in turn causes a shift in the resonance spectrum in the refractive interference pattern. The limit of detection (LOD) was found to be 100 ag/mL and the biosensor had high sensitivity over a wide concentration range.
Introduction
Highly sensitive and rapid detection of biomarkers is essential for biosensors used in medical diagnostics, genetics, or environmental monitoring applications [1, 2] . Nanotechnology based biosensor devices have the potential to overcome many of the disadvantages of conventional health diagnostic and monitoring methods. Among various nanotechnology based biosensors, electrochemical nanoscale biosensors offer the ability to measure biomedical parameters directly and rapidly, without using fluorescent labels. Nanoscale sensors also offer the potential for in vivo sensing.
The development of ultrasensitive sensing and biosensing devices using nanomaterials and nanostructures received a great deal of attention in the last decade, primarily because of their unique physical and chemical properties. Nanobiosensors, in particular, are analytical devices that utilize nanoscale detector components to identify minute biological elements with enhanced sensitivity [3] . These biosensors are important in the field of biotechnology because of their direct, faster, more accurate, and more selective detection of the analyte at low concentrations [4, 5] .
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The nanostructures in these biosensors are highly selective and sensitive; hence, they are used for medical diagnosis, monitoring of diseases, drug discovery, and the detection of environmentally relevant biological agents [10] .
The combination of nanostructures and biomolecules is of considerable interest in the field of nanobiotechnology. Fundamentally, biosensors are based on the coupling of a ligand-receptor binding reaction to a signal transducer [11] . Several techniques for the detection of biomolecules based on the ligand-receptor binding reaction have been reported. These include techniques, such as optical sensors using light [12, 13] , semiconductor sensors using changes in electric properties due to an external stimulus, and chemical sensors using chemical changes [14, 15] . Although each of these techniques has its individual strengths and weaknesses, a strong case has been made that the optical type biosensors have greater potential. In particular, techniques that are based on localized surface plasmon resonance (LSPR) on golddeposited nanostructures are fast becoming the methods of choice in many affinity biosensing applications [16, 17] . LSPR has been used to monitor a broad range of analytesurface binding interactions, including the adsorption of small molecules, ligand-receptor binding, protein adsorption on self-assembled monolayers (SAMs), antibody-antigen binding, and protein-DNA interactions [18, 19] .
All of these properties make anodic aluminum oxide (AAO) an excellent sensing platform with exciting opportunities in the development of advanced, simple, smart, and cost-effective sensing devices that may be used in numerous analytical applications. In addition, AAO chip has a unique set of chemical, optical, mechanical and electrical properties. These properties include chemical resistance, thermal stability, biocompatibility, and a large surface area. The AAO chips can be synthesized via anodization of metal aluminum. Using this procedure, precise control of the pore diameter and length can be achieved [20] . Owing to these fairly welldefined nanopores, AAO chips have been used in popular applications in many areas, such as nanostructured-material preparation and biological and chemical separations [21, 22] . The use of AAO in these for applications has a lot of potential in future developments and in the translation of these research products into commercial devices.
In our previous work, we confirmed that AAO chips can be used to detect biomolecules [23, 24] . Furthermore, we successfully fabricated a biosensor where the controlled poredepth and a uniform surface could be retained. The AAO chip responses were evaluated by the surface RI changes through the interaction between the interference and LSPR.
In this study, we describe major advances and developments in the lung cancer-specific biomarker sensor system based on a nanoporous AAO chip. The lung cancer-specific biomarker of choice was serum amyloid A1 (SAA1). Herein, we will briefly describe the nanoporous structures of AAO prepared at 1 m of pore-depth, various pore diameters, ranging from 15 nm to 95 nm, using a two-step electrochemical anodization procedure. We also describe their key optical and electrochemical properties, which make AAO ideal for specific sensing applications. The pore diameters of the AAO chip were tuned using a pore-widening treatment as a function of the anodization conditions. The sensor chip is sensitive to the refractive index (RI) of the surrounding medium and also provides simple and label-free detection when specific antibodies are immobilized to the gold-deposited surface of AAO chip. The specific antigen-antibody reaction contributes to the change in the RI that causes a shift in the resonance spectrum of the refractive interference pattern. The results indicate that the pore size has to be large enough to allow biomolecules to enter the pores freely, but small enough to retain the optical reflectivity of the AAO membrane. The limit of detection (LOD) of our sensor system for SAA1 was at a concentration of 100 ag/mL. Our proposed AAO chip has high sensitivity and real-time detection of biomolecular interactions. These properties allow these biosensors to be applied in a wide array of applications.
Experimental Section
2.1. Materials. Aluminum sheet, perchloric acid, ethanol, oxalic acid, phosphoric acid, chromic acid, 11-mercapto-1-undecanol acid, N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), and dimethyl sulfoxide (DMSO) were supplied by Sigma-Aldrich (USA). Buffer solution of Tris-HCl (pH 7.4) (WELGENE Inc. Korea) was used.
Serum Amyloid A (SAA).
SAA is a high density lipoprotein-(HDL-) associated apolipoprotein and is known to play a major role in the modulation of inflammation and in the metabolism and transport of cholesterol [25] . It has been recently proposed that SAA is a potentially useful biomarker to monitor patients harboring human tumors, including gastric and nasopharyngeal cancer [26, 27] . Moreover, in lung cancer patients, using mass spectrometry and proteomic technologies, the SAA was identified as the top differentially expressed protein that was able to differentiate the serum of patients from the serum of healthy individuals. Among four human SAA gene families, the acute SAAs, SAA1 and SAA2, are known to be induced up to several hundredfold. SAA3 is a pseudogene whereas the SAA4 is constantly expressed [28, 29] . In the present report, we propose that SAA1 is a good serum biomarker for the detection of lung cancer.
Principle of Sensor Operation and Structure.
In order to increase the sensitivity of the sensor system, we developed a sensor chip designed to detect the SAA1 antigen (ProtanBio, Korea) using both interferometry and LSPR. Gold was deposited on a nanoporous structure to induce LSPR and to allow immobilization of a SAA1 antibody (100 g/mL, ProtanBio, Korea). When the light is vertically incident, the interference fringe pattern appears as the difference in optical path between the upper part of the gold-deposited nanostructure and the lower part of the core. The reaction of the SAA1 antigen with the SAA1 antibody using the SAM method causes a change in the wavelength-dependent refractive index of the sensing membrane. The wavelength shift and the change in reflectance intensity are caused by the interference. Thus, the target material is measured by the effective optical thickness ( ) of the detection membrane and spectrum change in reflection light from RI. Effective was demonstrated by [30] to be the multiple of RI and thickness by the following equation:
(
Here, is the order of interference meaning optical path length difference and phase shift of reflection light; is the wavelength of light;
is the effective RI at the wavelength [30] . 1 and 2 show interference neighboring waves of orders and + 1, respectively. Because the band gap of the AAO membrane is large it can be expressed as a constant at long wavelength bandwidth. Thus, the relationship between fringe order , 1 , and 2 can be given by the following equation:
To enhance the sensors sensitivity, several research groups focused on nanoscale optical sensors using nanostructures and nanoparticles. Thus, the proposed LSPR-based biosensor depends on the shape and size of gold nanostructure deposited on the AAO membrane. The LSPR phenomenon can be understood using the RI response model of propagation surface plasmon on a metal surface [31] :
Here, Δ max is the wavelength shift, is the refractive sensitivity, Δ is the change in the RI by optical adsorption, is the effective thickness of the adsorption surface, and is the characteristic electromagnetic field decay length. As shown in (1), the RI and of detection membrane are changed when the analyte on the surface of metal structure is detected by the antigen-antibody reaction. In addition, based on (3), extremely small changes such as the change in the RI of the surrounding media can be detected using LSPR by the antigen-antibody reaction. In the present report, the proposed sensing system causes a significant change in sensitivity, as observed by both optical LSPR and interferometry. A schematic diagram of the fabricated AAO chip and the optical detection method is shown in Figure 1. 
Fabrication of AAO Chip
. AAO chip can be obtained using a two-step anodization process of the aluminum sheet that was anodized using electrolytes [32] . In order to obtain various diameters of the pore, the AAO chip was controlled by changing the anodization conditions, such as the applied voltage, the anodization time, and the types of electrolyte acids. The composition of the parameters for fabrication of nanoporous AAO chip is given in Table 1 . Initially, the aluminum sheet was placed in a mixed solution of 70% perchloric acid and 30% ethanol and a voltage of 20 V was applied to remove impurities, the native oxide layer, and to smoothen the surface of the aluminum sheet. Second, to generate the oxide layer, the aluminum sheet was cleaned and was placed in a different electrolyte acid (0.3, 0.4 M oxalic acid and 0.1, 1 M phosphoric acid) and applied with a bias for each different voltage setting for 30 min. The anodization process was maintained at 9 ∘ C in a circulator system. Third, to remove the first AAO layer, the aluminum sheet was placed in a solution that consisted of 6 wt% phosphoric acid and 1.8 wt% chromic acid for 90 min at 60 ∘ C. Finally, the second anodization process was performed using the same conditions as in the first anodization.
The AAO chip was fabricated with different diameters of the pore by controlling the anodization conditions. We measured the pore diameter and surface uniformity using scanning electron microscopy (SEM; Hitachi S-4800) as a structural diagnostic technique. A SEM image of the fabricated AAO chip is shown in Figure 2 . The results indicate that the five different pore diameters of AAO (15, 35, 55, 75 , and 95 nm) depended on the type of the anodizing method used. The pore-depth of the fabricated AAO chips was standardized at 1 m in Figure 3 . The pore-depth exhibited the best sensitivity at 1 m thickness because the changes in the effective became larger as the pore-depth decreased [23] .
We also found that when the fabrication of the AAO chip's pore-depth was less than 1 m the surface uniformity was compromised.
Fabrication of the Sensing Membrane.
Deposition of gold on the nanostructure has an important role in the induction of LSPR and immobilization of the antibodies on the surface of biocompatible materials. In order to fabricate the sensing membrane, an electron-beam evaporator was used to deposit nickel and gold with thicknesses of 5 nm and 15 nm, respectively. The evaporator was operated using a pressure setting of 4.0 × 10 −6 torr and a speed of 0.1Å/sec. Both gold and silver adhered to nickel and were reported to show improved SPR phenomenon when compared to pure gold and silver [33] . Therefore, by depositing the nickel, we successfully obtained the gold deposited onto AAO membrane.
Journal of Nanomaterials After deposition, alkanethiol SAM was used to immobilize the antibody to the sensing membrane that has strong surface affinity to gold, silver, and copper. One advantage of this procedure is the relatively easy fabrication and the fact that gold, silver, and copper have extremely high affinity to biomaterials. Therefore, the gold deposited AAO chip was immersed in a solution of 11-mercapto-1-undecanol acid in ethanol and incubated for 24 h [34] . The strong bonding between the gold surface and thiol occurs in the buffer solution, and SAM is completed using a high carboxylic functional group. In order to help bonding of the SAM with carboxyl functional groups and the SAA1 antibody, N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were prepared in distilled water and dimethyl sulfoxide (DMSO) mixed at identical ratio at concentrations of 200 mM and 50 mM, respectively. The mixed solution was stirred for 1 h until the sensing membrane with SAM was formed. Finally, the SAA1 antibody (100 g/mL) was stirred for 1 h to finish the sensing membrane of the AAO chip. The nonspecific binding of antibody was washed out using a buffer solution of Tris-HCl (pH 7.4). The schematic diagram for SAA1 antibody immobilization process is shown in Figure 4 .
Experimental Setup.
The experimental setup used to investigate the detection of lung cancer biomarkers using the nanoporous AAO chip is shown in Figure 5 . The measurement system consisted of a spectrometer (QE65000, Ocean Optics Inc.), a white light source (DH-2000-BAL, Ocean Optics Inc.), a reflectance optical probe, an antigen-antibody reaction chamber, and the AAO chip. The white light source operates in dual mode using deuterium and tungsten-halogen lamps, with the wavelength range of 210 to 1500 nm. The spectrometer has a wide detection range of 200 to 1100 nm and a maximum resolution of 0.14 nm. The spectrometer is equipped with diverse measurement functions that include transmission, absorption, and reflection. When the light is incident on one direction, the optical prober is connected to the white light source while the other direction is connected to spectrometer. The light is incident in the vertical direction to the sensing membrane through an optical probe fixed to the fabricated chamber. The reflected light is sent to the spectrometer through a light detector using the same optical probe. The reflected light was analyzed using computer spectro-analysis program (Spectrasuit, Ocean Optics Inc.) connected to the spectrometer.
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Optical Characteristics of the Sensing Membrane.
The optical properties of the sensor chip were verified by detecting changes in the surface refraction. In order to measure optical properties of the change in the interference spectrum against the change in refraction, a glycerin solution was diluted to 3, 6, 9, 12, and 15% concentrations in distilled water to prepare the refraction solution. Glycerin is commonly used as a RI standard to determine the weight-percent variation. The RI of the refraction solution was performed using an Abbe refractometer (Prisma, CETI, England). The refractive indices were found to be 1.3359, 1.3392, 1.3430, 1.3458, and 1.3491. After spin-coating, the prepared refraction solution was added to the gold-deposited AAO chip (15, 35, 55, 75 , and 95 nm). Next, the optical properties were verified using a measurement system. As a result, the sensitivity was found to be dependent on the increases in the pore diameters of the AAO chip. Figure 6 shows the shifting of the reflective interference signal on the nanoporous AAO chip according to various RIs of the glycerin solutions. The result shows that the sensitivity of the AAO chip with the 95 nm pore diameter is higher than the sensitivities recorded for other diameter sizes of the pore. The AAO chip with the 95 nm pore diameter was found to have 2100 nm/refractive index unit (RIU). We confirmed that the proposed AAO chip can detect RI changes of the surrounding media that result from exposure to the SAA1 antigen.
Response Characteristics SAA1.
To observe the selectivity of the fabricated AAO chip, we evaluated the AAO chips (15 and 95 nm) that can distinguish between SAA1 antigen and C-reactive protein (CRP) antigen. The concentration of SAA1 antigen used was 1 g/mL, and also the concentration of the CRP antigen was 1 g/mL in the selectivity experiment.
As the results shown in Figure 7 , the CRP antigen did not make significant changes in reflectance wavelength, which indicated that no nonspecific binding of the CRP antigen took place on the sensing membrane. However, the SAA1 antigen caused a notable reflectance wavelength shift. The SAA1 antigen wavelengths of the AAO chips with 15 and 95 nm pore diameters were ranging from 606 nm to 609 nm and 597 nm to 609 nm, respectively. These results revealed the significant response difference between the lineage-specific recognition and the nonspecific reaction. Subsequently, we confirmed other kinds of antigens with the fabricated AAO chip in order to estimate its selectivity. A nanoporous AAO chip was fabricated to detect immune responses with high sensitivity by combining LSPR with interference. In addition, to evaluate the possibility of its application as a biosensor, the detection properties of the SAA1 antigen were measured. In order to confirm the response characteristics, we applied various concentrations of SAA1 antigen (10 ag/mL, 100 ag/mL, 1 fg/mL, 1 pg/mL, 1 ng/mL, and 1 g/mL) to the sensing membrane that has SAA1 antibodies immobilized on surface of the AAO chip. Nonspecific binding of the detection membrane prepared by immobilizing the SAA1 antibody was removed by washing with Tris-HCl buffer solution prior to measurement of the reference reflection's wavelength. For improved reliability of the measurement system, the SAA1 antigen was allowed to react with the SAA1 antibody that was immobilized to the sensing membrane by injecting the antigen into the reaction chamber. The shift in the reflection spectrum of the membrane was then measured in real-time. The wavelength shift of reflectance spectra of the nanoporous AAO chip according to concentrations of SAA1 is shown in Figure 8 . Figure 8 shows the reflective interference signal according to various concentrations of SAA1 as a bathochromic shift in the nanoporous AAO chip (15 and 95 nm). When comparing the sensitivity of AAO chips of different pore diameters, it was observed that the AAO chip with the 95 nm pore diameter had larger shifts in the fringe pattern. Moreover, the LOD of the AAO chips with 15 and 95 nm pore diameters were found to be 1 fg/mL and 100 ag/mL, respectively. The experimental measurements were repeated five times. As a result, we confirmed that the nanoporous AAO chip with 95 nm pore diameter appears to have the highest sensitivity and performance. These experiments were repeated several times. Moreover, the polynomial-regression analysis showed a good correlation coefficient ( 2 ), 2 = 0.9562. Figure 9 shows the polynomial-regression analysis response to variations in SAA1 concentrations.
Conclusions
In this study, nanoporous AAO chips, wherein interference and LSPR occur simultaneously, were fabricated, and their response properties for various SAA1 concentrations were evaluated in real-time. The AAO chip with excellent surface uniformity was prepared through optimization of the anodization process that could adjust the various pore diameters. The AAO chip quantitatively detected SAA1 with high sensitivity. We obtained high sensitivity (2100 nm/RIU) for optical responses to the changes in the surface RI of the nanoporous AAO membrane. In addition, the SAA1 antigen concentration of 10 ag/mL was also detected via experiments based on immune response. The reflection spectrum properties were analyzed by reacting SAA1 antigen instead of the target biomaterial to evaluate the selectivity of the nanoporous AAO chip and then by analyzing the reflection wavelength. As a result, the sensitivity properties induced by changes in pore diameters were measured to evaluate interference. Best response properties were verified using the device with a 95 nm pore diameter because of the relative change in effective optical pore diameter of the nanoporous AAO membrane. The fabricated AAO chip was verified so it reacts with high selectivity to the lung cancer-specific biomaterial. The detection limit was found to be 100 ag/mL. In the future, we plan to extend the analysis to include biomarker experiments that use pore diameters larger than 95 nm.
